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Abstract. Metal-carbon (C-Me) thin films with compact structure and extremely smooth 
surface were prepared using the Thermionic Vacuum Arc (TVA) method in one electron 
gun configuration, on glass and silicon substrates. The deposited films were further 
investigated to determine their structure formation, in order to assess their properties and 
applications. The surface morphology and wettability of the obtained multifunctional thin 
films were investigated using: Transmission Electron Microscopy (TEM), Scanning 
Electron Microscopy (SEM) and Free Surface Energy (FSE) by See System. The results 
from TEM measurements show how the Ag, Mg and Si interacted with carbon and the 
influence this materials have on the thin film structure formation and the grain size 
distribution. SEM correlated with EDX (Energy dispersive X ray) results reveal a precise 
comparative study for understanding the complex nanocrystalline structure with varying 
features depending on the introduced element (Ag, Si, Mg) and the substrate (Si, $102). 
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1. Introduction 


Modern technology has placed demands for increasing mechanical and chemical 
capability in materials used for a variety of technological and commercial 
applications. Both, the number of applications and mechanical/chemical 
requisitions have grown with a greater rate than the number of materials that can be 
used to meet them [1-3]. As a result of recent improvement in technologies to see 
and manipulate the properties of these materials, the nanomaterials field has seen a 
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huge increase interest of research community [4, 5]. 


The properties in turn depend on the atomic structure, composition, microstructure, 
defects, and interfaces, which are controlled by thermodynamics and kinetics of the 
synthesis [6, 7]. The optimization of the material combination and deposition parameters 
is always a challenging subject for each element or combination of elements, especially 
based on carbon [8]. 

Nanocrystalline carbon doped thin films gain tremendous potential with excellent 
properties for technological applications [9-11]. There is a great demand in joining 
carbon, with other elements such as Ag, Si or Mg, which ensures high resistance against 
chemical and corrosive environment attack, but, what is of great importance, the better 
adherence of the carbon on the coated substrates [12]. 

Ag is a transition metal that possesses the highest electrical conductivity, thermal 
conductivity, and reflectivity of any metal. Thanks to these properties, silver is used 
industrially in electrical contacts and conductors, in specialized mirrors, window coatings 
and in catalysis of chemical reactions. Despite of these facts, pure silver is too soft and 
expensive to be used. Therefore, by adding silver in carbon matrix, the cost of the thin 
film will drop and the new material will benefit of enhanced properties [13-17]. 
Moreover, incorporation of silver results in a decrease of the friction coefficient and 
improves the wear resistance of carbon materials [18]. 

Silicon is the principal component of glass, ceramics, for most semiconductor devices 
intrinsic semiconductor, although the intensity of its semiconduction is highly increased 
by introducing small quantities of impurities [19-21]. Due to the strong bonding between 
Si and C, silicon carbide (CSi) films with properties as: high melting point, oxidation 
resistance, high erosion resistance, high hardness and strength [22-24] are good materials 
for reactive environment, electronic devices [25] as well as abrasion and cutting 
applications [26 27]. Also, because of the large band gap (2.2—3.3 eV) is suitable for light 
emission in the green to blue range [28-31] and silicon carbide materials operates at 
higher temperatures, voltages, and power than silicon [32]. 

Magnesium, used as an alloying agent, is one of the elements that improves the 
mechanical, fabrication and welding characteristics [33]. One of the shortcomings in the 
Mg thin films is the stress, which is known to have a close correlation not only with the 
physical properties of the thin films such as mechanical strength, but also with the 
electrical properties [34, 35]. The use of magnesium in carbon matrix phase is of interest 
for advanced structural applications and for components in engines with the advantage 
of high specific strength and stiffness [36-38]. 

The present paper is considered an overview of the structural and morphological 
properties of the hydrogen free amorphous carbon films doped with silver, silicon and 
magnesium using Thermionic Vacuum Arc as the deposition method. Reported in this 
study are the data for the grain size nanostructures, atomic percentage, elements 
distribution, spectrum acquisitions and free surface energy evaluation for understanding 
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the complex nanocrystalline structure with varying features depending on the introduced 
element (Ag, Si, Mg) and the substrate (Si, Si02). The direct applications are related to 
the use of these elements embedded in carbon matrix phase for coating components with 
high corrosion/wear resistance, high hardness, mechanical strength and good adherence. 


2. Experimental set-up 


The films with compact structure and extremely smooth surface were prepared using the 
Thermionic Vacuum Arc (TVA) method in one electron gun configuration [39], on glass 
and silicon substrates. The cathode consisted of a heated tungsten filament, mounted 
inside a molybdenum Wehnelt cylinder. The anode was shaped as a crucible, which 
contained the material to be evaporated, made from mixtures of carbon and 
silver/silicon/magnesium powders. At a specific value of the high voltage applied 
between the electrodes, a bright plasma discharge ignited. So, the nature of the flux of 
particles was a mixed binary plasma of two elements. 

Metal nanocrystalline embedded in hydrogen-free amorphous carbon (a-C) matrix 
samples were prepared following essentially the same technique as described in Ref. 
[40]. 

The electrodes were mounted inside a vacuum vessel having a typical residual pressure 
between 1.0-10° Pa— 1.0-107 Pa, while during the process of deposition, the working 
pressures were: 1.0 Pa for C-Ag plasma, 3.1-107' Pa for C-Si plasma and 3.0-10"! Pa for 
C-Mg plasma. 

Carbon doped thin films were deposited from half percent of binary mixtures of carbon 
and silver, silicon and magnesium powders, respectively. The parameters for the growth 
of each of CAg, CMg and CSi thin films are represented by three different set of values, 
which characterize every step of the deposition: geometrical, plasma ignition and 
deposition parameters (Table I). 


GEOMETRICAL 
PARAMETERS 


PLASMA IGNITION 
PARAMETERS 


DEPOSITION 
PARAMETERS 


e anode — cathode 
distance (da-c), 


e anode — holder 
distance (da-h) 


e the angle between the 
cathode and anode 
vertical axis (@). 


e Ir - the intensity of the 
current necessary for the 
filament heating, 


e Ua -— the applied 
voltage for the ignition 


e I, —the intensity of 
the arc current before the 
breakdown of the 
plasma. 


Table I. Parameters of the thin films deposition 


e the film growth time 
(T) 


e the film thickness 
measured on situ by 
Cressington thickness 
monitor (tcme) 


e work pressure during 
deposition (pcme) 


e rate of deposition (r). 
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Samples CAg CMg CSi 


GEOMETRICAL PARAMETERS 


da-c [mm] 5 4 5 
da [mm] 160 170 150 
© [°] 45 45 45 


PLASMA IGNITION PARAMETERS 


Ir [A] 46.7 43 40 
Ua [V] 8.1102 1.0-108 1.8-108 
I, [A] 3.43-10? 1.1-10? 63°10? 
- DEPOSITION PARAMETERS 
z[s] 155 60 250 
tome [nm] 101 104 107 
peme [Torr] 7.5:103 2.4-103 2.2103 
r [nm/s| 0.65 1.73 0.42 


The thin films were deposited on silicon wafers (Si 100) and glass (Gl) substrates, 
which were previously cleaned in acetone ultrasonic bath for 20 min. We 
denominated the samples accordingly with the substrates and the material deposited 
on them as CAg/Si, CSi/Si, CMg/Si for those deposited on silicon wafers and 
CAg/GI, CSi/G1, CMg/GI respectively for glass substrate. After deposition, prior to 
any structural or morphological characterization, in order to avoid the oxidation and 
the physisorbtion, the samples were let to cool down in the deposition chamber for 
24 hours. 

The surface morphology and wettability of the obtained multifunctional thin films 
were investigated using: Transmission Electron Microscopy (TEM), Scanning 
Electron Microscopy (SEM), mechanical properties and Free Surface Energy (FSE) 
by See System. 


3. Results and discussions 
Transmission Electron Microscopy (TEM) measurements 


In order to analyze the thin films by TEM, the samples were prepared using a simple 
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method described by Teodorescu et al. [41] using a diamond knife to scratch surface 
of the film, alcohol as dispersive medium and a 400Cu grid covered by formvar 
film as support for sample. 

Samples were characterized by Transmission Electron Microscopy at 100kV - 
accelerated voltage. Morphology of samples was evaluated from BFTEM (Bright 
Field Transmission Electron Microscopy) images and means diameter calculated 
from experimental data assuming a lognormal distribution for Feret diameters. 
Structural features of sample were determined from electron diffraction pattern, 
using analytical method to index diffraction pattern an Cohen method [42] with 
modified Nielson-Riley [43] function to accurate determination of lattice 
parameters. All images were acquired using iTEM platform from Soft-Imaging 
System connected with MegaView III CCD camera, mounted on Philips CM120ST 
microscope. Using image-processing future of iTEM platform we select and 
measure Feret diameters of 100 nanoparticles. In SciDAVIS we build experimental 
histogram that was fit with lognormal function. 

Electron diffraction patterns were acquired at 100kV and 880mm camera length. 
Using ELD [44] module from CRISP2 [45] the background was fitted with 9th 
degree polynomial function. Automated procedure implemented in ELD was used 
to identify peaks, but in addition we applied a manual selection for peak with low 
intensity. The peak positions were used for indexing diffraction patterns and lattice 
parameters determination. 

The structure of CAg/GI sample consists in Ag phase and small amount of onion- 
like carbon [46] (Figure 1a). The lattice parameter for Ag phase in this case was 
0.412294 nm from analytical method and 0.40593 nm from Cohen method, with 
relative error compared with [47] of 0.89%, and of 0.66% respectively. The 
structure of CAg/Si exhibited Si [48] and Ag phase, but also some unknown phase, 
possible oxide. The lattice parameter in this case was 0.41398nm from analytical 
method and 0.41391nm from Cohen method, in both cases the relative error was 
1.29% [49, 50]. 

On one of the analyzed areas from the CAg/Gl sample we found only Ag phase 
(Figure 1a). The lattice parameter in this case was 0.411377 nm calculated from 
analytical method and 0.40869 nm using Cohen method, from diffraction pattern 
(Figure 1b,c). The relative error compared with [51, 52] was 0.6%, and 
0.02%respectively. In addition, four very weak peaks have been found and can be 
assumed that this sample contains Ag2O phase (Figure 2d). 
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Fig. 1. BFTEM images for CAg, thin films Fig. 2. BFTEM images for SiC, thin films 
deposited on glass deposited on glass 


In the case of CSi/GI sample, a large piece of film was found on the formvar support, 
with thickness small enough to identify morphological structure. Insets present the 
features of sample at higher magnification in two different areas (Figure 2a). 

Also in Figure 2b,¢ are presented insets of electron diffraction patterns obtained from 
Area | and Area 2. Silicon carbide (SiC) was identified on small aggregate, as we see 
in diffraction profile extracted using ELD module from CRISP2 application (Figure 
2d). The identified peak was highlighted to corresponded circle in diffraction pattern. 
The presence of silicon carbide in CSi/Si is very low, ELD identified only (111) peak 
of SiC. The SiC lines was indexed using cubic phase (F4-3m, a=0,4348nm) [46, 48]. 
Structural, the C-Mg/GIl film (Figure 3a, b,c) consists of small peaks that belong to the 
hexagonal structure of Mg (P 6(3)/mme, a = 0.32095A, c = 0.52104A [44]). In the case 
of the CM¢g/Si thin film next to the hexagonal structure of Mg cubic structures of MgO 
(Fm3m, a=4.2170A), MgO was also found [46, 50]. 
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Fig. 3. BFTEM images for CMg thin films deposited on glass 


The particle size histograms were drawn from the TEM micrographs, resulting the 
mean size of the particles. It is well-known that the crystallites dimension depends 
on the nature of the substrate. Figure 4 shows the particle size distribution of CAg, 
CSi and CMg nanoparticles on glass substrate, it can be seen that in the case of 
CMg/GI the particle sizes possess a small and narrow size distribution in a range 
from 15 to 55 nm, and the mean diameter is about 30.8 nm. 


n n n 


0 : 357— = 
a) CAg/GI Sample: CAg/Glass | b) CSi/GI Sample: CSi/Glass Sample. CMg/Glass 
Model: Log-Normal ] Model: Log-Normal Model: Log-Normat |b 


Yo = 0.53298(+1.58085) 1 Yo = 1.6746(+1.5824) 1 yo = 1.28575(42.64253) | |F 
A = 24.91651(+2.01062) 4 A = 26.2718(42.5464) 4 A = 17.26006(42.43694) 

: 6 j X = 30.83713(20.59819) 
xe = 6.85636(+0.09337) ] Xe = 22.4489(0,3829) 4 ert ere 
w = -0.17456(40.02041) 4 w = 0.1666(2 0.0221) Zs | 
pepe j X¢/doF = 3.06797 
X¢/doF = 4.89815 ] X?/doF = 7.8256 R* = 0.94334 
| R? = 0.96269 R? = 0.9472 


Feret Diameter (nm 


Fig. 4. Grain size distribution graphs for CAg, CSi, CMg films on glass substrate 


For CAg/GI (Figure 4a) the maximum frequency of mean diameter was xc = 6.85 
nm, while for CSi/GI (Figure 4b) the histogram reveals the mean diameter of xc = 
22.44 nm. These differences provides specific behaviors for mechanical properties. 


From the morphological point of view, the CMg/GI deposited film does not have a 
uniform structure, being a nonregular shape of nanoparticles, with the average 
dimension of 30.83 nm (Figure 4c). For the CMg/Si sample the film is well 
crystalized as polycrystalline structure with grains of approximately 90 nm. 
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Scanning Electron Microscopy (SEM) 


SEM images were performed using a Scanning electron microscope EVO 50 XVP 
(Carl Zeiss NTS) with EDX attachment (Bruker). Based on the SEM images, the 
equipment can generate characteristic X-ray, secondary and back-scattered 
electrons. EDX measurements were carried out with a Bruker accessory fitted on 
the Zeiss Evo 50 scanning electron microscope. It is well known that EDX 
quantitative analysis has limitations, specifically when determining the quantitative 
atomic composition of a given material. Depending on specific conditions (applied 
voltage, atomic structure, etc.) the light elements with atomic number Z < 11 cannot 
be routinely and accurately analyzed using EDX. This concerns Carbon, as well. 
However, taking into account that TVA method assures high purity for the 
deposited thin films, and other elements were not identified as impurities, one can 
be confident on these results. 


The atomic concentration ratio deduced from SEM for the MeC thin films are 
presented in Table IT. 


Table II. Atomic concentration ratio deduced from SEM for the C-Me thin films on Si substrate 


Elements CAg CSi CMg 
C 24.68 % 7.48 % 21.23 % 
Si 35.56 % 87.47 % - 
O 6.98 % 5.05 % 5.76 % 
Ag 2.78 % - - 
Mg - - 73.01 % 


The technique of Scanning Electron Microscopy (SEM) was employed extensively 
throughout this study to examine images of both the surface morphology and EDS 
mappings of the deposited elements on samples of silicon. The SEM images of the 
films show smooth, uniform surface without cracks and well covered to the 
substrate (Figure 5). 
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Fig. 5. Scanning Electron Microscopy captures and mapping for CAg, CSi, CMg films on Si 
substrate 


Mechanical properties of C-Ag films 


The indentation resistance of the C-Ag films deposited on glass and silicon 
substrates was studied using several different indentation techniques. The first set 
of measurements was carried out using quasistatic nanoindentations with 20 
unloading segments. The time dependence of the indentation load and an example 
of the resulting displacement obtained during indentation testing of C-Ag film 
deposited on silicon substrate is illustrated in Figure 6. 
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Fig. 6. Time dependence of the load during the 
quasistatic nanoindentation test with 20 
unloading segments and an example of the 
resulting displacement carried out on C-Ag/Si 
sample. 


Fig. 7. Loading curves with 20 unloading 
segments obtained on C-Ag/Si films deposited 
on silicon substrate - C-Ag on _ single 
crystalline silicon substrate. Each color 
represents an individual measurement at a 
different place on the sample. 
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The quasistatic loading curves with 20 unloading segments shown in Figure 7 were 
obtained at eight different places on the C-Ag film deposited on a single crystalline 
silicon substrate. Each color represents an individual measurement at a different 
place on the sample. The curves obtained from different places show only a slight 
scatter. Each of the unloading segments was analyzed according to Oliver and Pharr 
approach in order to get dependence of the hardness and reduced elastic modulus 
from the near surface of the C-Ag film up to the film substrate interface. The last 
(20th) unloading segments in Figure 7 exhibit an elbow, which is characteristic of 
unloading response of single crystalline silicon, and it is formed due to pressure- 
induced phase transformation. According to this effect, it is possible to recognize 
when the influence of the substrate on the measured nanoindentation data starts to 
predominate. 


Similar curves were obtained on a glass substrate, the depth profiles of hardness 
and effective elastic modulus obtained at different places are shown for C-Ag/Si 
and C-Ag/Gl samples in Figure 8. According to these results, it is possible to affirm 
that the data are well reproducible for the samples set. 


Hardness 


Effective elastic modulus 


Effective elastic modulus 


80 120 160 200 40 80 120 160 200 
Contact depth he [nm] Contact depth he [nm] 
a) b) 


Fig. 8. Dependences of the hardness and effective elastic modulus (calculated according to 
equation 2) on contact depth C-Ag/Si (a) and C-Ag/GIl (b). 
Measurements at different places on the sample are distinguished with a different color. 


The comparison of the average hardness and effective modulus values dependent 
on the indentation depth is presented in Figure 9. It is shown that the average 
hardness values gradually increase with the contact depth hc. The hardness results 
approach 2 and 1.8 GPa for contact depths below 40 nm as it can be seen in Figure 
9. Although the structures of Ag/Si and C-Ag/GI samples are very similar, there is, 
at first sight, a large difference in the effective elastic modulus profile for samples 
deposited on silicon and glass substrates. In the case of C-Ag/Si, there is a drop in 
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elastic modulus values at about 155 nm, suggesting the start of the substrate 
influence. This fact is very curious because the influence of the substrate hardness 
on the measured values of the hardness is starting at indentation depths around 50 
nm; therefore, the substrate influence on elastic modulus data should start at much 
lower depths as in the case of the hardness. Thus, the effective elastic modulus of 
C-Ag/Si sample appears as high as 180 GPa because the elastic modulus data for 
the depth around 40 GPa is fully influenced by the silicon substrate effective 
modulus, which for low loads is also around 180 GPa. The drop in Eegr values at 
about 160 nm was probably caused by the well-known pressure-induced 
transformation of the single crystalline silicon. 
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Fig.9. The comparison of the averaged hardness and effective modulus values 
depending on the indentation depth 


The elastic modulus values were measured by a nanodynamical mechanical 
analysis using the modulus mapping capability. During the in-situ imaging process, 
the system continuously monitors the dynamic response of the sample to the 
oscillating load as a function of the position. 
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Fig. 10. Quantitative maps of the storage stiffness a) and the storage modulus b) 


obtained on C-Ag/Si surface. 


Therefore, at each image pixel (256x256 pixels), the storage and loss stiffness and 
the storage and loss moduli values are determined. Quantitative maps of the storage 
stiffness and the storage modulus (Figure 10) were carried out at a frequency of 
300 Hz with Cube Corner indenter. The oscillating force amplitude was 1 uN, the 
oscillation frequency was 300 Hz and the displacement amplitude was around 1 
nm. The results confirmed our previous assumptions about the influence of the 
silicon substrate on the measured data. It was shown that the modulus values are 
similar to those obtained on a glass substrate. Moreover, it was possible to visualise 
the local changes in the modulus and stiffness showing that the coatings contain Ag 
particle aggregates with elastic response different from the matrix. 


The same effect of spontaneous Ag particle aggregation on the sample surface and in 
the near-surface region of the Ag-C films was reported in [37]. The aggregation process 
was accentuated during the in situ scanning with a contact force of 2 uN and also during 
the indentation tests. A similar effect was observed for wear tests in [38]. This particle 
agglomeration may be the reason for the low surface hardness values reached 
compared to the pure carbon films prepared using TVA method [39]. 


Free surface energy (FSE) 


Materials wettability is a characteristic parameter that influences surface related 
processes such as adhesion [53], and can be calculated by contact angle method. 
Determination of the contact angle, enables estimation of the type of interaction 
between surfaces and liquids (dispersive and polar interactions) [54]. It helps to 
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predict the course of reaction during the chemical processing of surfaces in a liquid 
environment (washing, dyeing), as well as when producing good mechanically 
resistant composite materials. 


The calculus was performed by using the See System computer software [55] that 
uses the measurement of the tangent angle of a sessile liquid drop on a solid surface. 
For each sample distilled water and formamide were used as testing liquids and the 
obtained value represents the average of ten measurements recorded over an 
extended area of the surface at the room temperature (25°C). In Figure 11 are 
presented the pictures of the drops captured during the contact angle measurements 
on the three different samples (SiC/Silicon, SiC/Glass and SiC/OLC45). 


52.6° 26,7° 


Fig. 11. Photos of the droplets on Si/ Glass/ OLC 45 sample 


The surface wettability changes were followed by contact angle measurements. The 
droplets volume was set to 41 for all experiments and the surface free energy was 
evaluated by using equations of states mathematical formulas models as: Kwok- 
Neumann model, Li-Neumann model and Wu model. 

The corresponding evaluated surface energies of distilled water (8) and formamide 
(8) are shown in Table III. 


Table III. Comparison between the SFE’s in different models of evaluation 


Surface free energy y [mJ/m?] 


pape: Kwok-Neumann Li-Neumann Wu-eq. of state 
SiC/Si 38.67 39.10 37.67 
SiC/Glass 56.42 52.10 58.47 
SiC/OLC45 40.03 40.40 38.97 


AS a Sensitive indicator of changes in the level of surface energy and changes in the 
chemical and super-molecular structure of the surfaces to be modified, the contact 
angle measurements have shown reproducible results ranging from 37.610 to 
76.620 for water and 26.530 to 61.420 for formamide. These results were obtained 
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for the group of samples deposited on silicon wafer, glass and stainless steel OLC 
45 substrates under the deposition conditions presented in Table III. The highest 
surface free energy, among the tested samples, was obtained in the case of 
CSi/Glass sample (58.57mJ/m2), while the lowest for CSi/Si sample (39.03 
mJ/m2). It can be noticed that the use of different substrates materials has a 
reduction of the surface free energy in two cases (out of three tested). 

At the first view, the obtained values are very close to the ones obtained for SiC 
and Si films on Si substrate. The difference between the results obtained in this 
study and the ones from the reference mentioned above is a consequence of the 
experimental parameters variation, such as gas pressure and the distance between 
the plasma discharge and the holder of samples. 


Conclusions 


From the TEM measurements, the CAg/Glass sample consists in Ag phase with Ag 
nanoparticles of 6.85 nm diameter and onion like — carbon [C] with diameter of 
159.61. In the case of CAg/Si, the diameter of Ag nanoparticles was 23.20 nm. The 
CMg films presents crystalline structure, with hexagonal Mg for CMg/Si and cubic 
phase for CMg/GI. Both deposition are nanostructured, with average grain size of 
30 nm for CMg/Gl, respective 55 nm for CMg/Si. For CSi films we find out an 
amorphous form of C revealing the presence of crystalline zones identified as cubic 
SiC structure. 


The Surface Free Energy reveals hydrophilic properties correlated to the 
topography, but also with the composition of the film, with values of approximately 
40 mJ/ m2. In this way, the study the structural and morphological properties of the 
hydrogen free amorphous carbon films doped with Ag, Si and Mg by Thermionic 
Vacuum Arc method would promote applications related to the use of these 
combinations for coating components with requested defined wettability and high 
corrosion/Wwear resistance, generated by specific grain sizes. 
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